Significant recent developments have occurred in the field of cardiac regeneration and stem-cell therapy. Understanding the new technological advances in cell therapy will ultimate allow us to achieve a goal of cell-based cardiac repair.
Introduction
There is tremendous enthusiasm for the concept of cellbased cardiac repair. Therapeutic advances in this area can fulfill major unmet needs including the heart transplant donor shortage and alleviating morbidity and mortality amongst patients with heart damage due to a variety of insults.
Newer cell-based therapies have been intensively study in the last few years due to the potential benefit in patients with acute myocardial injury, stable coronary artery disease and heart failure.
It is increasingly accepted that adult tissues including bone marrow, adipose tissue, and myocardium itself harbor populations of stem cells with the potential to differentiate into cardiomyocytes, endothelial, and vascular smooth muscle cell [1 ] but multiple challenges remain in the understanding of the cell signals, the microenviroment and the survival of these cells.
We review some important recent developments in cellbased tissue regeneration.
Stem cells
The average left ventricle contains approximately 4 billion cardiomyocytes and the myocyte deficit in infarction-induced heart failure is about one billion cardiomyocytes [2] . For many researchers the idea of addressing this deficit with a cell-based therapeutic approach is highly attractive. Interest in stem-cell-mediated myocardial repair has grown substantially and there is rapidly accumulating clinical and preclinical data supporting this approach.
Stem cells have properties that include plasticity, the ability to transdifferentiate into cells outside their original lineage [3] [4] [5] , self-renewal, and, in rare cases, fusion with resident cardiomyocytes. Several lines of evidence support the concept that new endogenous or exogenous cells can incorporate and become functional within the heart. In one series of eight hearts from female donors transplanted into male recipients, samples of atrial and ventricular myocardium from the donor heart showed a high number of primitive cells that originated from the recipient, documented by the presence of a Y chromosome (that is, chimerism). In addition, these cells differentiated and formed new myocytes, coronary arterioles, and capillaries [6] . In addition to observations such as the latter, experimental data from animal models utilizing bone-marrowderived cells, skeletal myoblasts, and cardiac-derived stem cells demonstrating engraftment and functional recovery of the heart have supported clinical trials testing the clinical efficacy of these approaches. To date, multiple cell types have been tested with mixed results. The totality of evidence suggests that many cell types tested lead to some improvement in cardiac function. This issue coupled with the lack of definitive proof of cell engraftment had increased the popularity of the idea that cell therapy exerts clinical benefits by a paracrine mechanism. The most important issue that has arisen from all of the cell therapeutic approaches is a growing amount of evidence supporting safety of cardiac cell therapy (with the possible exception to this rule being skeletal myoblast cell therapy).
Cell types
Different types of stem cell and progenitor cells from autologous or allogenic sources have been used for cardiac regeneration. Each cell type has its own profile of advantages and limitations. In the following sections we briefly review each cell type.
Skeletal myoblasts
Skeletal myoblasts are progenitor cells resident within skeletal muscle that can be isolated by skeletal muscle biopsies and expanded in vitro, making them feasible only in the setting of chronic myocardial dysfunction. These cells were the first to be utilized in clinical trials and case reports. A recent randomized trial did not show significant benefit in patients with ischemic cardiomyopathy [7] . Thus the future of this approach is currently unclear. Attempts are underway to enhance this therapeutic strategy by modifying skeletal myoblasts by genetic approaches.
Bone-marrow-derived cells
An early and highly influential report of bone marrow cells used to replace cardiac myocytes in a murine model of myocardial infarction (MI) was reported in 2001 [8] . This finding generated excitement and led to clinical trials of autologous bone marrow intracoronary infusions by 2002. The work in the area of autologous bone marrow has now accumulated several major clinical trials. Despite the accumulation of data, a consensus still does not exist regarding this approach. The major unanswered questions are whether autologous bone marrow reduces infarct size, increases ejection fraction, and importantly, at a mechanistic level, leads to transfer of cells capable of engraftment and differentiation into cardiac myocytes. Interestingly, subsequent studies performed in the mouse argued against a substantial degree of differentiation of c-kit þ bone marrow cells, in fact other groups suggest that the differentiation of bone-marrow progenitor cells into cardiomyocytes is a rare event [9] .
Endothelial progenitor cells
One of the earliest insights into the fact that bone marrow harbors nonhematologic precursor cells came from the description of endothelial precursor cells. These cells, identified by the CD34 antigen, are present in bone marrow and can be harvested in the circulation following stimulation with granulocyte colony-stimulating factor (G-CSF). They have the greatest potential for angiogenesis but their availability in the blood decreases with age, and their function decreases with atherosclerosis. Clinical trials support ongoing study of this cell type for patients with ischemic heart disease.
Mesenchymal stem cells
Mesenchymal stem cells (MSCs) are bone-marrowderived adult stem cells that have substantial capacity to facilitate cardiac repair following acute MI. They participate in vasculogenesis and myogenesis [10] , and are a rich source of growth factors that contribute to cardiac repair by paracrine signaling. In experimental systems, MSCstreated hearts exhibit an increase in tissue perfusion, a reduction in apoptosis, reduced infarct size, and dramatic improvements in global and regional cardiac function. Importantly, MSCs have several unique advantages including immunoprivilege, easy ability to grow in culture, and the ability to home to areas of tissue injury [11] making them a candidate for off the shelf easy to administer therapy. MSCs have been tested in a phase I trial for patients with acute MI and are currently in phase I/II and phase II trials for heart failure and acute MI.
Resident cardiac stem cells
Several laboratories have identified resident cardiac precursor cells with the capacity to differentiate into cardiac myocytes and vascular elements. These cells can be identified by cell surface markers such as c-kit and sca-1, by a side-population phenotype (extrusion of Hoechst dye), or the capacity to self-replicate in cell culture. In humans autologous cardiac stem cells can be isolated from surgical or endomyocardial biopsies and clonally expanded in vitro [12] . Clinical trials are being planned with human c-kit þ cells and with culture expanded cells. The presence of these cells within the heart offers significant opportunity to further insights into disease pathophysiology as well as to test a putative treatment strategy.
Embryonic stem cells
Embryonic stem cells (ESCs) are derived from the inner mass of the blastocyst and maintain the property of undifferentiated state with the potential to completely regenerate the myocardium [13] . Although the use of ESCs is limited by ethical concerns, inmmunologic incompatibility and the formation of teratomas [14] , several recent reports describe the generation of cardiac precursor cells from ESCs providing opportunity to study myocyte development and generating an ideal and novel system for in-vitro testing of myocytes.
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Spermatogonial stem cells
Recent studies have identified pluripotent stem cells in adult mouse testes that have the capacity to differentiate into cardiac cells [15, 16] . This finding needs confirmation in human trials and may allow cell-based therapy without the ethical and immunological problems associated with embryonic stem cells.
Mode of delivery
To date multiple studies of cell-based therapies have used three routes of administration: intravenous, intracoronary or direct myocardial injection (transepicardial or transendocardial).
Each approach has advantages and disadvantages. The intravenous infusion is simple, with possible systemic benefits but have a low efficacy of delivery to cells to the heart, and filtration by the lungs. Intravenous delivery was used in a phase I study of allogeneic mesenchymal stem cells in patients with first acute MI. The intracoronary infusion approach, widely used in studies of autologous whole bone marrow, allows access to the infarct-related region with a familiar technique but can cause microvascular obstruction. Direct endocardial injection permits access to all territories of the left ventricle with the potential risk for perforation and requires additional equipment. Several experimental catheter delivery systems are currently in testing, including the Noga system and the Biocardia helical injection system. Finally, epicardial injection can be performed at the time of cardiac surgery with spatial accuracy [17] .
Clinical trials
The clinical impact of stem-cell transplantation in the heart is in its early stages, and, to date, no phase III studies are reported. There are several recent reviews and metaanalyses that include data from approximately 1000 patients with acute myocardial infarction (AMI) [18] . These evaluations, on balance, support the efficacy of bone-marrow-derived cell therapy in patients with coronary artery disease. Importantly, also these analyses support modest improvement in cardiac function as well as infarctsize reduction and reverse remodeling. As such these intermediate stage analyses are supportive of further trials powered to test clinical efficacy. An issue of major consideration at the current time is whether to proceed with larger clinical outcome studies using autologous bone marrow or to proceed with cell preparations comprising enriched stem cells or cells modified to enhance survivability, engraftment, or differentiation capacity.
The latest clinical trials are described in Table 1 , Figs 1 and 2 [19] .
Acute coronary syndromes
The most important trials in the area of acute coronary syndromes were randomized assessments of intracoronary autologous bone marrow following acute MI. In the BOOST trial, 60 patients with an AMI who had undergone percutaneous coronary intervention (PCI) were randomly assigned to bone-marrow-cell harvest and intracoronary infusion into the infarct-related artery or a control group [20] . The ejection fraction was similar in both groups at baseline post-AMI, and increased 6 months later by approximately 6%. Interestingly, in a follow-up study reporting results at 18 months (5.9 versus 3.1 percentage points) the difference in ejection fraction increase was no longer statistically significant. As this was due to a catch-up phenomenon in the placebo group this suggested that the benefit was limited to acceleration of left ventricular ejection fraction (LVEF) recovery. Importantly, bonemarrow-cell infusion did not increase the risk of adverse clinical events, in-stent restenosis, or proarrhythmia [21] .
The REPAIR-AMI trial was a multicenter trial of 204 patients who underwent primary PCI after an ST elevation MI and were randomly assigned to receive an intracoronary infusion of autologous mononuclear progenitor cells or a placebo 2-6 days after the AMI. The primary end-point, the absolute increase in LVEF at 4 months, was significantly higher with active therapy (5.5 versus 3.0 percent with placebo) [22] . A landmark study of bone marrow cells in acute coronary syndrome. Importantly, this trial also reported a reduction in the combined end-point of death, recurrent MI, or a heart failure hospitalization (Fig. 3) [23] . These data from the study's data safety monitoring board represent some of the most important findings in the field to date arguing for 538 Cardiac transplantation continuing clinical study of this therapeutic strategy. Replication of this finding in a phase III study would be of major importance.
Two other randomized trials did not report improvements in the LVEF after treatment with intracoronary bone marrow cells.
ASTAMI randomly assigned 100 patients with an AMI undergoing primary PCI to bone-marrow-derived mononuclear-cell infusion or control. Serial imaging with multiple modalities in each patient (echocardiography, nuclear SPECT imaging, and cardiac magnetic resonance imaging) at baseline and at 6 months found no differences in LVEF or infarct size in the two groups [24] .
Janssens et al. [25] reported a randomized trial of 66 patients to mononucleated bone-marrow cells or placebo after one-day post-AMI and found no change in the LVEF between the two groups. Importantly, however, this study did report a significant reduction in infarct size using robust cardiac MRI imaging, a finding that is substantiated in the published meta-analyses. Arguably, the finding of infarct size reduction (although not the study's primary end-point) has greater biological significance than an increase in ejection fraction as it is subject to change based on cardiac-loading conditions.
Cytokine mobilization of progenitor cells from bone marrow may promote myocardial neovascularization with relief of ischemia. G-CSF induces mobilization of bone marrow stem cells, therefore various trials sought to evaluate the effect of G-CSF in patients with myocardial ischemia.
The lack of benefit and possible adverse outcomes with G-CSF was described in the MAGIC trial [26] and the REVIVE-2 trial [27] . In contrast, the FIRSTLINE-AMI found an increase in the ejection fraction [28] .
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Figure 1 Improvements in ejection fraction in patients treated with bone-marrow-derived cells compared with controls
The figure shows the summary of cohort studies and randomized controlled trials (RCTs). Transplantation with BMC resulted in a 3.66% (95% CI, 1.93-5.40%) increase in mean LVEF. AMI, acute myocardial infarction; BMC, bone-marrow-derived cells; CPCs, circulating progenitor cells; OMI, old myocardial infarction; WMD, weighted mean difference. Reproduced with permission from [19] .
A recent meta-analysis of 10 trials using stem-cell mobilization by G-CSF, including 445 patients, concluded that whereas G-CSF is well tolerated and feasible the totality of evidence did not support a beneficial effect of G-CSF in patients with AMI after reperfusion [29] .
Ischemic cardiomyopathy
Stem cells have also been studied in patients with ischemic cardiomyopathy, largely employing direct intramyocardial injections. In this setting most studies are nonrandomized and lack blinding. The potential efficacy was illustrated in a nonrandomized study of 21 patients in which bonemarrow-derived mononuclear cells were injected directly into areas of viable but dysfunctional myocardium. At two months, there was a significant reduction in the area of reversible ischemia (from 15 to 6% of total myocardium) and a 6% increase in ejection fraction in the treated patients but not in controls. Electromechanical mapping demonstrated significant mechanical improvement in the injected segments at 4 months [30] .
The IACT study had similar findings employing intracoronary infusions of cells. This exercise was a nonblinded observational study of 18 consecutive patients who had history of MI and were compared with a control group that did not receive cellular therapy. At 3 months after intra-coronary transplantation of autologous bone marrow mononuclear cells, infarct size was reduced by 30%, the ejection fraction increased by 15%, and infarction wall movement velocity increased by 57%. In contrast, there were no significant changes in the control group [31] .
Conclusion
Cell-based therapy for acute and chronic ischemic heart disease is an extremely exciting new therapeutic approach that is in early stages of development. Development of this therapy has proceeded in an orderly and rigorous fashion with appropriate parallel conduct of clinical trials and mechanistic research. As is the case with all therapies at early stage, complete consensus in clinical trials does not exist. The totality of evidence supports safety and provisional efficacy of cell based therapies. Future challenges include optimizing cell type and delivery method. However, some strategies are already poised for phase II to III investigation. The potential impact of cell-based therapy could potentially revolutionize cardiovascular medicine. Importantly, other disease processes including but not limited to Chagas' disease, myocarditis, heart transplant rejection, and immunomodulation, and chemotherapyinduced heart disease are all disorders potentially amenable to cell-based therapy. In addition, in the future biological pacemaking will be achieved by delivering The figure shows the summary of cohort studies and randomized controlled trials (RCTs). Transplantation with BMC resulted in a 5.49% (95% CI, À9.10% to À1.88%) decrease in mean infarct scar size. The overall effect was statistically significant in favor of BMC therapy. WMD indicates weighted mean difference. AMI, acute myocardial infarction; BMC, bone-marrow-derived cells; CPCs, circulating progenitor cells; OMI, old myocardial infarction; WMD, weighted mean difference. Reproduced with permission from [19] .
engineered pacemaker cells into normally quiescent myocardium [32] . The combination of tissue-engineering scaffolds with cardiac stem cells may have a role in the repair of the heart as it has been in other organs [33] . The next decade will undoubtedly see a large number of innovative and exciting clinical trails utilizing cell-based approaches for a number of disorders and applications.
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Comparing (a) death, recurrence of myocardial infarction, or revascularization procedures and (b) death, recurrence of myocardial infarction, or rehospitalization for heart failure among patients treated with bone-marrow-derived cells and placebo. BMC, bone-marrow-derived cells. Reproduced with permission from [23] .
